Active filtration, where effluent is passed through a reactive substrate such as steel slag, offers a simple and cost-effective option for removing phosphorus (P) from effluent. This work summarises a series of studies that focused on the world's only full-scale active slag filter operated through to exhaustion. The filter achieved 75% P-removal during its first 5 years, reaching a retention capacity of 1.23 g P/kg slag but then its performance sharply declined. Scanning electron microscopy, X-ray diffraction, X-ray fluorescence, and chemical extractions revealed that P sequestration was primarily achieved via adsorption onto iron (Fe) oxyhydroxides on the slag's surface. It was concluded that batch equilibrium tests, whose use has been repeatedly proposed in the literature, cannot be used as an accurate predictor of filter adsorption capacity because Fe oxyhydroxides form via chemical weathering in the field, and laboratory tests don't account for this. Research into how chemical conditions affect slag's P retention capacity demonstrated that near-neutral pH and high redox are optimal for Fe oxyhydroxide stability and overall filter performance. However, as Fe oxyhydroxide sites fill up, removal capacity becomes exhausted.
INTRODUCTION
Phosphorus (P) is a significant pollutant in many wastewaters and can result in the eutrophication of receiving waters (Søndergaard et al. 2003) . Active filters represent a simple and 'appropriate' technology to address this problem for small communities. These filters comprise porous granules of reactive media such as limestone, zeolites or bauxite which the effluent passes through before being discharged (Westholm 2006) . Recently, steel-slag, a byproduct of steel making, has emerged as a preferred active filter media, owing to its excellent P removal and hydraulic properties. While various studies have assessed slag's P-removal capacity in laboratory batch and column experiments (e.g. Yamada et al. 1986; Mann 1997; Shilton et al. 2005; Drizo et al. 2006) , there was very little information detailing slag filter performance in real field scenarios. This work presents the findings of a progressive series of research studies that focused on the performance and mechanistic behavior of a world-first full-scale active slag filter. The filter has been treating the waste stabilisation pond effluent of a New Zealand regional community for over a decade. The paper begins by examining the performance of the filter over time, revealing a picture of doi: 10.2166/wst.2010.389 filter efficiency and longevity. An insight into the filter's P removal mechanisms is then presented followed by the findings of an assessment of the suitability of adsorption isotherms to predict the P retention capacity of active filters. An investigation examining optimal chemical conditions for filter performance is then discussed, proceeded by an examination of attempts to regenerate the P removal capacity of active filters using physical techniques.
The paper finishes by presenting new results from research into chemical treatments for stripping and recovering P from exhausted filters, which could potentially regenerate active slag filters and lead to the development of an efficient P management technology for regional and rural communities.
PERFORMANCE OF THE FULL-SCALE ACTIVE SLAG FILTER
The full-scale filter was installed at the Waiuku Wastewater Treatment Plant, approximately 50 km south of Auckland, in 1993 (Shilton et al. 2006) . The filter comprises 10 beds, covering a combined area of approximately 30,000 m 2 at a depth of 0.5 m (Shilton et al. 2006) . The media used in the filter is a Fe-Ti rich melter slag obtained from the Glenbrook New Zealand Steel mill, near Waiuku. The filter treats an average daily effluent flow of 2,000 m 3 , corresponding to a hydraulic retention time of approximately 3 days (Shilton et al. 2006) .
The filter was very effective during its first 5 years of operation, achieving an average P removal efficiency of 75%, resulting in a P retention capacity of 1.23 g P/kg slag.
However, after this period, the filter's ability to sequester P sharply declined. A complete presentation of results from the full-scale study is given by Shilton et al. (2006) .
The Waiuku full-scale filter provided a clear picture of filter performance and longevity. However, it was still not understood how the filter was acting to remove the P from the effluent. An understanding of the mechanisms of P removal by the filter would: a) provide information on the optimal design and operating conditions for active slag filters; and b) perhaps lead to a process which can extend filter lifespan.
DELVING INTO THE MECHANISMS OF P REMOVAL BY THE FILTER
Various chemical techniques, including X-ray fluorescence (XRF), scanning electron microscopy (SEM), electron dispersive spectrometry (EDS), X-ray diffraction (XRD) and wet chemical extractions, were used to elucidate the key mechanisms of P removal achieved by the active melter slag filter at Waiuku (Pratt et al. 2007a) . Slag granules from the exhausted Waiuku filter were analysed, along with new slag granules fresh from the steel mill. It was revealed that both the exhausted and fresh slag grains were coated by a film which was separated from the porous inner matrix of the granules and analysed separately. The major chemical and mineralogical components of the slag are presented in Table 1 .
It can be seen that the mineralogy of the slag is dominated by basic oxides and silicates (Table 1 ). The P, organic carbon (C) and iron (Fe) concentrations within the surface coating on the exhausted slag granules from the filter are exceptionally high compared with their relative abundances in the other slag materials (Table 1) . Fe precipitates (Figure 1d ).
This finding points to Fe phases and organic material on
The slag materials were subjected to a series of wet chemical extractions to quantify the relative contributions of the key P sequestration processes to overall P removal. The results from the extraction experiments demonstrated that P capture by organic resins on the slag accounted for less than 3% of P removal by the filter.
P adsorption onto Fe oxyhydroxides was shown to be the most dominant P removal mechanism achieved by the active slag filter, with nearly all of the P on the exhausted slag found to be associated with these amorphous Fe phases.
USING ADSORPTION ISOTHERMS TO PREDICT THE P RETENTION CAPACITY OF ACTIVE SLAG FILTERS
Several researchers have suggested that isotherms are a useful tool for predicting P retention capacities of adsorptive 
ESTABLISHING OPTIMAL CONDITIONS FOR FILTER PERFORMANCE
The stability of crystalline, non-slag Fe oxyhydroxides is known to vary with changing pH and redox potential While it is not proposed that these industrial reagents be used in full-scale practical application, now that this chemical regeneration technique has been shown to be effective the way is open for further research with other waste streams that may achieve similar results. For example, a dose of effluent from an anaerobic pond could potentially provide the necessary low redox conditions (Kishida et al. 2003 ) to strip P from exhausted slag and simultaneously renew its P removal efficiency.
CONCLUSIONS AND IMPLICATIONS
This series of studies has provided unique data on the only known full-scale active slag filter treating waste stabilisation pond effluent to exhaustion. The work has shown that slag is an effective substrate achieving 75% P removal efficiency during its first 5 years of operation and reaching a retention capacity of 1.23 g P/kg slag. Amorphous Fe oxyhydroxides were found to be the key P adsorption sites on slag granules.
The P retention capacity of active slag filters can only be accurately predicted by field data, as laboratory batch experiments do not account for the development of new adsorptive Fe oxyhydroxides on slag granules which are produced by weathering. The P adsorption process is optimal for filters exposed to effluent with near-neutral 
